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performed diffractive experiments to test scalar AB-effects, however, the effect resulted in classical deflections, and hence cannot be considered an AB-effect.
In this paper, we demonstrate that the use of a pulsed ponderomotive interaction instead of the usual pulsed electric potential satisfies all criteria of an AB-effect. This PAB-effect requires a laser pulse to be crossed with one of the arms of an electron interferometer. Four descriptions (a, b, c and d) are provided for this physical scenario. (a) The ponderomotive potential can be substituted for the electric potential in the expression for the electric AB-effect. (b) To justify this substitution a cycle-averaged path integral formulation is provided. These two approaches are useful as they expound the similarity to the electric AB-effect and provide a simple calculation of the correct PAB-phase shift.
A more complete description (c) that includes the time-dependent interaction between the electron and light, for which the laser electric and magnetic fields are present locally, yields an identical answer, justifies the cycle-averaged approaches and shows that the effect must be classified as type-II. The discussed physical scenario satisfies the defining criteria of all AB-effects, in the sense that no classical time lag or deflection is induced, local effects of the interaction are masked by the quantum uncertainties of the system, and the phase shift is dispersionless. Finally, (d) a numerical simulation with realistic fields and realistic electron interferometer parameters fully supports the above claims.
While the PAB-effect complements our physical understanding of the AB-effect, it may also prove useful for the characterization of ultrashort electron pulses. Ultrashort electron pulses of 10 fs are now considered to be an ultimate goal for such applications as ultrafast electron microscopy and diffraction [7] - [11] . The reason is that most chemical processes occur at a timescale of 10 fs to 1 ps [12] . However, at present only indirect methods have been used to infer the electron pulse durations on the sub-100 fs scale [7, 8] . The ability to directly measure ultrashort electron pulses is currently limited to streak camera methods [13] , or direct electron bunch sampling with intense femtosecond laser pulses [14, 15] . These methods have drawbacks due to their temporal resolution (streak cameras) or their requirements for high-intensity femtosecond lasers (∼10 17 W cm −2 ) [14, 15] . While other methods of pulse characterization have been proposed (see [16, 17] ), we show that by using the phase sensitivity of an electron interferometer the laser intensity necessary to directly sample an ultrashort electron pulse is reduced to ∼10 13 W cm −2 . The electric AB-effect arises from the fact that potentials, such as the electric potential can give rise to quantum mechanical phase shifts. The electric AB-phase shift accumulated by an electron that travels through a metallic tube is
where the time-dependent electric potential of the tube is represented by (t) and the integration is performed over the voltage pulse duration [1] . This phase shift does not itself give rise to any locally measurable changes, but can be measured by using an electron interferometer. The setup needed to measure this phase shift is depicted in figure 1(a) , and involves the separation of an electron wave packet into two parts, with the two electron paths passing through spatially separate metallic tubes. The electron interferometer must be pulsed so that when the two electron packets are fully contained in their separate metallic cylinders, the voltage on one (or both) of the tubes can be raised or lowered. The time integral of the electric potential (equation (1)) on the tubes can thus be measured as a phase shift after the two electron paths are Comparison of electric AB-effect with the proposed ponderomotive AB-effect. A physical system for the realization of the electric AB-effect is given in (a), where U e is the electric potential due to a charged metallic tube (blue). A physical system for the realization of the PAB-effect is given in (b), where U p is the ponderomotive potential due to a laser-field (red).
recombined and allowed to interfere. This physical system was discussed in detail in Aharonov and Bohm's original paper [1] . The electric AB effect cannot be explained by classical mechanics due to the absence of any electric or magnetic fields (in the vicinity of the electron wave) and hence the absence of forces. To date this effect has not been observed. There are two main experimental problems that have made the observation of this effect difficult. The first is that a wide-angle electron interferometer is needed. At present there are only two possible ways to construct a separate arm electron interferometer. The first uses a combination of a field emission tip electron source with bi-prism wires [18] , a technique which has been used successfully for many experiments. Recently, we realized a Mach-Zehnder interferometer with three metallic coated nanofabricated gratings [19] . For such interferometers, the arm separation is small (micrometres) hampering the placement of metallic tubes. The second experimental difficulty that arises is related to the required rapid switching of the tube voltages. This high frequency switching of the voltages on the tubes will cause transient fields inside the tube. These transient fields can mask the electric AB phase shift [20] . While the experimental difficulties preclude the observation of the electric AB-effect using current technology, the parameters of the proposed PAB-experiment (figure 1(b)) are accessible with existing lasers and electron interferometers.
(a) An electron in a laser pulse experiences the cycle-averaged ponderomotive potential [21] ,
where I (r, t) is the intensity of the laser pulse, A 0 is the peak vector potential and λ is the optical wavelength. To make sure that the electron does not travel through gradients in the ponderomotive potential, the requirement, w 0 /v e t pulse , where w 0 is the laser waist, v e is the electron speed and t pulse is the duration of the laser pulse, needs to be satisfied. This ensures that the distance that the electron travels is much shorter than the laser waist size during the time that the laser pulse is on. Substituting the electric potential in equation (1) by the ponderomotive potential gives the PAB-phase shift,
where the integration interval exceeds the laser pulse duration. A similar phase shift was proposed by Dawson and Fried [22] . However, in that paper the laser is not pulsed and consequently the relation to AB-type effects was not discussed. Hsiang and Ford [23] calculate a loss of contrast due to a fluctuating AB-phase shift for an electron travelling through a plane electromagnetic wave. The fluctuation is attributed to a random electron birth time with respect to the electromagnetic field oscillation. For our thought experiment the laser is not present at the electron source, and only present in one arm. No loss of contrast is a consequence. Evans [24] proposed the optical AB(OAB)-effect as a test of a modified electromagnetics theory, the socalled 'B (3) -theory'. The OAB-effect is thought to occur for circularly polarized light only, passing between the arms of an electron interferometer, and is purely of a type-I character.
The ponderomotive phase shift (equation (3)) accumulated by an electron wave for a laser period is
where ω is the laser angular frequency and E 0 is the peak electric field of the laser. 
where T is the interaction time and C a constant. Consequently, the phase difference between electron paths in the laser and in the vacuum ( figure 1(b) ) is
where the last equality follows from equations (2) and (4). The last equality in equation (6) is also based on the assumption that the laser pulse is much longer than the laser period, and that there is no dependence on the carrier phase envelope. This assumption is valid for laser pulses extending over many cycles. The ponderomotive phase shift (equation (6)) is non-dispersive, i.e. independent of the electron velocity v e . The non-dispersive nature is one of the defining features of the AB-effect [20] and this property is a first justification of the nomenclature 'PAB-effect'.
(c) The above cycle-averaged description, based on the ponderomotive potential, ignores the detailed electron motion in the time-dependent laser fields. The phase shift associated with the detailed motion in the laser focus can be obtained from a time-dependent pathintegral approach. As before, the phase shift for an electron in an electromagnetic potential can be written as,
− L, the phase shift can be rewritten as, φ = 
for an electric field propagating in the +z-direction, a laser polarization in the x-direction, and the electron is propagating in the +y-direction with a speed v 0 (see figure 1 ). Analytic integration of the electron path gives
The laser intensity is chosen low enough so that the velocity v 0 greatly exceeds the laser-induced velocity eE 0 /m e ω. The result is that the time averaged PAB-phase shift (equations (4) and (6)) matches the time-dependent path-integral phase shift (equation (8)) φ s = φ P . This equality justifies at a deeper level the use of the simple ponderomotive picture. Both the time-independent and the time-dependent path-integral approaches and the ponderomotive approach, result in the same non-dispersive phase shift. This leads us to the observation that the PAB-effect shares the non-dispersive nature of the traditional AB-effects [20] . The presence of the local interaction of the electron with the electromagnetic laser field is an indication that this is a type-II AB-effect.
(d) All the above arguments are based on the plane wave description of the laser beam. To test the validity of the plane wave approximation and investigate the detailed dynamics of the electron while in a more realistically described laser focus [26] , the classical equations of motion were numerically integrated. This also allows us to check the additional requirement that the local interaction is masked by the uncertainty principle [5] . An additional benefit of the numerical analysis is the possibility to establish the absence of time delays or deflections due to forces. This property cannot be inferred from the dispersionless nature of the effect, as Peshkin [27] has shown by a counter example to the inverse of the Zeilinger theorem [28] .
The numerical integration included solutions for the E and B fields valid for laser foci on the order of the wavelength of the light [26] . The laser parameters are: λ = 800 nm, w 0 = 5 µm, I 0 = 10 13 W cm −2 , and a laser pulse length of t p = 15 fs. These laser parameters correspond to readily available high-repetition rate lasers. An example electron trajectory in the femtosecond laser pulse is given in figure 2 . For the chosen parameters the forces in the propagation direction are negligible compared with the forces perpendicular to the propagation direction, which justifies the earlier use of the plane wave approximation for the focus. The PAB-phase shifts from the numerically integrated path give the same phase shift as the use of approaches (a), (b) and (c).
It is also interesting to note that although the electron velocity has not changed after the laser pulse has passed, the electron trajectory does suffer a minute displacement in the zdirection (figure 2). Formally, this could lead to an observable. However, the displacement is much smaller than the transverse coherence length of any electron interferometer, and is thus 'protected' from observation by the uncertainty principle. Moreover, the displacement can be undone by using a second identical, but counter-propagating laser pulse in a 'Quadra-pulse' configuration [5] .
Some remarks on the feasibility of a PAB experiment may also be in order. The laser beam waist must be smaller than the separation between the electron beams. For a beam separation of about 100 µm such as reached in Mollenstedt and Bayh's experiment [29] this condition is satisfied. On the other hand, the electron beam must be much narrower than the beam waist to minimize deflection of the electrons from the slope of the ponderomotive potential. With electron collimation slits of 100 nm such as realized by Barwick et al [30] , this is possible. The magnitude of the ponderomotive deflection is about 10 −5 -10 −4 rad [21] . This is small compared with the angle between the two electron beams (∼10 −3 rad) and the PAB-effect dominates for such an arrangement the ponderomotive deflection.
To visualize the PAB-effect in an electron interferogram, we use the following cycleaveraged intensity in equation (2),
If the substitution of y = v 0 t is made, then the phase shift for an electron wave can be found using equation (3) . This altered electron wave front can be recombined with a plane wave to obtain an interferogram (see figure 3(a) ). This pattern is a measurable signature of the PAB-effect. An example of a similar electron interferogram was obtained and used to measure decoherence in an electron interferometer [31] , which indicates the feasibility of this type of measurement. The PAB-effect can also be used to characterize ultrashort electron pulses (<100 fs). One problem that must be overcome before electron pulse durations can be delivered on a target in the 10 fs regime is dispersion. Dispersion in electron pulses is a direct result of the energy spread inherent to all electron sources. For example, a field emission electron source triggered with a femtosecond laser [7, 8] , may lead to electron pulse emission times of less than 10 fs. However, an energy spread of 0.5 eV (typical for a field emission tip) at a tip voltage of 1000 eV, leads to a temporal broadening exceeding 500 fs after the pulse has travelled 5 cm. To deliver a sub-100 fs electron pulse on a target, dispersion control must be attained along with a method to characterize the ultrashort pulse. Some methods of dispersion control are described in [10] . In figures 3(a)-(d) , the interference fringes in an electron interferogram are shown for different electron pulse durations. By imaging the electron interference pattern the electron pulse dispersion can be minimized in real time.
